Real-time PCR in nuclear ribosomal DNA (nrDNA) is becoming a well-established tool for the quantification of arbuscular mycorrhizal (AM) fungi, but this genomic region does not allow the specific amplification of closely related genotypes. The large subunit of mitochondrial DNA (mtDNA) has a higher-resolution power, but mtDNA-based quantification has not been previously explored in AM fungi. We applied real-time PCR assays targeting the large subunit of mtDNA to monitor the DNA dynamics of two isolates of Glomus intraradices sensu lato coexisting in the roots of medic (Medicago sativa). The mtDNA-based quantification was compared to quantification in nrDNA. The ratio of copy numbers determined by the nrDNA-and mtDNA-based assays consistently differed between the two isolates. Within an isolate, copy numbers of the nuclear and the mitochondrial genes were closely correlated. The two quantification approaches revealed similar trends in the dynamics of both isolates, depending on whether they were inoculated alone or together. After 12 weeks of cultivation, competition between the two isolates was observed as a decrease in the mtDNA copy numbers of one of them. The coexistence of two closely related isolates, which cannot be discriminated by nrDNA-based assays, was thus identified as a factor influencing the dynamics of AM fungal DNA in roots. Taken together, the results of this study show that real-time PCR assays targeted to the large subunit of mtDNA may become useful tools for the study of coexisting AM fungi.
C
ommunities of arbuscular mycorrhizal (AM) fungi are an integral component of the soil-plant system, colonizing the roots of the majority of land plants, facilitating plant nutrient uptake, and constituting an important channel of carbon movement from plants to soil (35) . The PCR amplification of AM fungal DNA with taxon-specific primers enables the targeted detection of AM fungal taxa within a community and detailed studies of their coexistence involving the screening of large sample sets (21, 37, 47) . This approach is promising, particularly if applied in conjunction with quantitative real-time PCR (qPCR) (17) , which allows for the determination of the abundance of the fungal taxa in samples. Studies using qPCR with taxon-specific primers demonstrated that qPCR is a more sensitive tool to monitor community changes than commonly used nested endpoint PCR (3, 19, 29) , and it corroborated the callings for the quantitative evaluation of AM fungal communities (11, 32) .
The qPCR assays that have been developed so far for the quantification of AM fungal DNA in roots or in soil rely, with one exception (12) , on nuclear markers in the relatively well-characterized nuclear ribosomal DNA (nrDNA). This region, however, lacks the resolution power to discriminate among closely related species, such as Glomus claroideum and G. etunicatum (8, 44) , or even isolates of the same species. It is known that high developmental and functional diversity exists at these lower taxonomic levels in AM fungi (20, 28) , but interactions among the closely related genotypes remain unexplored due to the lack of suitable tools for the monitoring of their spread in mixed inoculations. The tools with higher-resolution power to lower taxonomic levels could monitor the establishment of isolates inoculated into nonsterile soil and the impact of the introduction of nonnative AM fungi on the resident community. The search for these tools is encouraged by the inoculum production industry for quality control and the verification of the success of inoculation (13) .
Higher-resolution power to species and even to intraspecific level has been demonstrated for the large subunit of mitochondrial ribosomal DNA (mtLSU) of AM fungi. The first sequence analysis of this region in the AM fungal species Glomus intraradices indicated that mitochondrial ribosomal genes lack the intraindividual sequence variability (30) encountered in nuclear ribosomal genes (26, 33) . This was also confirmed for the mtLSU of other AM fungal species (41) and other mitochondrial genes (24) . Within the AM fungal clade Glomus intraradices sensu lato (6) , haplotypes of the mtLSU can be distinguished by the presence, size, and sequence of three introns, as well as by their exon sequence (5) . Although a similar degree of intraspecific variability was not recorded in the mtLSU of G. mosseae and related species (41) , the variability of the mtLSU region within this clade allows the development of primers to discriminate closely related species.
The mtLSU has been successfully used for the detection of a field-inoculated isolate by endpoint PCR (38) , but quantification based on AM fungal mitochondrial DNA (mtDNA) remained unexplored. Gamper et al. (11) suggested that the quantification of mitochondrial genes could estimate the general physiological ac-tivity of AM fungi. They assumed that the numbers of mitochondria in the fungal structures better correspond with the fungal metabolic activity than those of nuclei. Mitochondria are typically observed as small thread-like organelles that are evenly distributed throughout the cell in filamentous fungi (48) . Higher densities of mitochondria are found in the apical region of growing hyphal tips (25) . AM fungal spores harbor many mitochondria (23) , and the density of mitochondria even increases in hyphae germinating from AM fungal spores at the activation of presymbiotic hyphal branching (4, 39) . However, no information is available on the density or distribution of mitochondria in intraradical fungal structures, such as arbuscules or intraradical hyphae.
The main aim of this study was to explore the quantification of AM fungal mitochondrial DNA and to assess its suitability for monitoring the development of AM fungi in plant roots. We compared the mtLSU-based quantification to the quantification based on the large subunit of nuclear ribosomal DNA (nrLSU), because the quantification of AM fungal DNA using nuclear markers set a standard in the field (12) . To obtain a general overview, we applied the two approaches to plant roots of various ages grown under typical experimental conditions. Within this experiment, the DNA dynamics of two isolates of the G. intraradices clade was surveyed to evaluate how these two related genotypes interact when colonizing one root system.
MATERIALS AND METHODS
Fungal material. Two geographic isolates belonging to the Glomus intraradices clade, named PH5 and Chomutov (CH), were selected for the study. The preliminary characterization of these isolates showed that they harbor different mtLSU haplotypes. Both isolates were obtained via trap cultures from degraded sites in the Czech Republic and were propagated as multispore cultures. The PH5 isolate originated from a Pb-contaminated site, and the fungal material used in this study belonged to the PH5-IS lineage propagated in an inert substrate (31) . The CH isolate originated from a freshly leveled coal spoil bank near Chomutov, North Bohemia, and has been kept in culture since 2008.
The phylogenetic analysis of mtLSU exon sequences grouped these isolates together with isolates of the "Glomus irregulare" clade presented by Stockinger et al. (36) (see Fig. S1 in the supplemental material). The PH5 haplotype is identical to BEG140 haplotype B of Sýkorová et al. (38) , belonging to the Glomus irregulare group of mtLSU haplotypes. The haplotype of the CH isolate belongs to a well-separated sister clade of this group and can therefore not be unambiguously assigned to G. irregulare. Following the approach of Börstler et al. (6) , we refer to both isolates as isolates of G. intraradices sensu lato.
Several cultures were established in a mixture of zeolite and sand (1:1) with medic (Medicago sativa) as the host plant for each isolate, using 200 spores collected from a pooled soil sample from three older multispore cultures. These established cultures were used for the characterization of genetic diversity, as sources of spores, and as inocula.
Characterization of nrLSU. Total genomic DNA was extracted from 200 to 300 spores per accession (i.e., fungal culture) using the NucleoSpin plant kit (Macherey-Nagel). Partial nrLSU was amplified using the primers 250F (38) and FLR4 (15) . The PCRs were performed in a total volume of 20 l and contained 2 mM MgCl 2 , 0.2 mM each deoxynucleoside triphosphate (dNTP), 0.2 M each primer, 0.5 U of Taq DNA polymerase (Fermentas), 1ϫ Taq buffer with KCl (Fermentas), and about 1 to 5 ng of genomic DNA. An initial denaturation step at 94°C (4 min) was followed by 35 cycles of denaturation (94°C, 30 s), annealing (59°C, 30 s), and extension (72°C, 1.5 min), with a final extension step at 72°C (10 min). Each accession was amplified in three independent reactions. For each fungal isolate, the PCR products obtained from two to three accessions were pooled equimolarly, cloned, and further processed by following the approach of Fehrer et al. (9) . The inserts were reamplified using the original PCR conditions and sequenced with the PCR primers (Macrogen, Inc., Seoul, South Korea). The positive bacterial colonies were cultured overnight in liquid LB medium with ampicillin (100 g ml Ϫ1 ), mixed with sterile glycerol to a 13% glycerol concentration, and stored at Ϫ80°C. Five accessions of the CH isolate and three accessions of the PH5 isolate were included in the characterization, and 40 and 27 colonies were sequenced for each isolate, respectively.
Sequence alignments were done using Clustal X (42) and edited manually in Bioedit (16) . Representative sequences are deposited in GenBank under the accession numbers JF966362 to JF966370, and their alignment is given in Fig. S2 in the supplemental material.
Characterization of mtLSU haplotypes. The region was amplified from the same spore extracts as the partial nrLSU by nested PCR using the primers RNL5 and RNL28a (5) in the first step and then RNL29 (5) and the newly designed GImt4510R in the second step. The PCRs were performed in a total volume of 20 l and contained 0.2 mM each dNTP, 0.5 U of Taq DNA polymerase (Fermentas), 1ϫ Taq buffer with KCl (Fermentas), about 1 to 5 ng of genomic DNA, and reaction-specific concentrations of primers and MgCl 2 . The cycling conditions were as described above, except the annealing temperatures (T a ) differed. The resulting PCR products were sequenced directly, without cloning (GATC Biotech, Konstanz, Germany), using the original PCR and additional internal primers. One sequence type was obtained per isolate and was deposited in GenBank under the accession numbers JF966360 (PH5) and JF966361 (CH). The sequences were aligned as described above together with mtLSU sequences of G. intraradices sensu lato as well as other species that are representative for all published haplotypes (6, 38, 41) .
To prepare standards for the qPCR experiments, these fragments had to be cloned. To facilitate the cloning, the regions discriminating among the two isolates were approximated using the primer combinations GImt1631F/GImt2234R (isolate PH5) and GImt2829F/GImt4510R (isolate CH) in the second amplification step. Fragments generated by the primer pair RNL29/GImt4510R were used for the universal mtLSU assay.
The primer sequences, reaction-specific primer and MgCl 2 concentrations, and T a are specified in Table S1 in the supplemental material, and the location of the newly developed primers is schematically indicated in Fig. S3 in the supplemental material. The cloning and processing of clones is described above, and the inserts were reamplified using the particular PCR primers.
Preparation of plasmid standards for qPCR. Plasmids were isolated from liquid bacterial cultures in selective LB medium with ampicillin (100 g ml Ϫ1 ) using a plasmid minikit (Qiagen) according to the manufacturer's recommendations. The plasmids were linearized by restriction digestion using the enzyme KpnI, EcoRV, or SacI (Fermentas), dephosphorylated by FastAP thermosensitive alkaline phosphatase (Fermentas), and purified using the QIAquick purification kit (Qiagen) according to the manufacturers' instructions. They were quantified spectrophotometrically on a BioPhotometer (Eppendorf), serially diluted with 10 mM Tris buffer, pH 8, and stored at Ϫ20°C. Several plasmids representing the sequence variants of nrLSU of each fungal isolate were isolated. Mixtures of different plasmids derived from the same isolate were prepared prior to serial dilution.
Design and optimization of the qPCR assays. We aimed to design primers which would perfectly match the nrLSU sequence types identified from our material, as well as the majority of known nrLSU sequence types deposited in GenBank under the names G. intraradices and G. irregulare, and which would be, at the same time, as specific as possible to this clade. Due to high sequence variability, no primers could be found that would amplify all known nrLSU sequence types within G. intraradices sensu lato and not also match sequences of other members of the Glomeromycota. The primers were therefore designed to fulfill the latter requirement and cannot be expected to amplify all isolates of G. intraradices sensu lato with the same efficiency.
A perfect match with the studied isolates was set as another require-ment to avoid quantification biases resulting from mismatches at the priming site (40) . A duplex of forward primers GIX6-F351 and GIX6-F351B, differing in two nucleotide positions, in combination with one reverse primer, GIX6-R424, was set up ( Table 1 ). The efficiency of this assay was constant regardless of the ratio of the two sequence types (data not shown). Furthermore, we developed three primer pairs targeted to the mtLSU region (Table 1) . One primer pair (termed "universal") was designed to amplify both isolates for direct comparisons of mtLSU copy numbers (CN) between the two isolates. These primers were targeted to a sequence motif within exon 2 that is conserved in all known haplotypes of G. intraradices but different in the mtLSU of other AM species sequenced so far. Two primer combinations (termed "discriminating") were designed to amplify only one of the two isolates to quantify their DNA dynamics in coexistence. The first primer pair was located in intron 2, which was present in the PH5 isolate, as well as some other known isolates of G. intraradices sensu lato, but was absent from the CH isolate. The second primer pair was targeted to intron 3, which was present in both isolates, but the priming sites were placed in a 750-bp-long insertion specific to haplotype CH. Although the qPCR assay designed for isolate PH5 is not specific for this isolate and will amplify all mtLSU haplotypes possessing intron 2, these assays discriminate the two studied haplotypes reliably without false-positive results. The location of the assays is schematically shown in Fig. S3 in the supplemental material, and their ability to amplify known G. intraradices sensu lato haplotypes is indicated in Fig. S1 in the supplemental material.
The qPCR using a LightCycler 480 SYBR green 1 master kit (Roche) was performed in 10-l reaction mixtures on the LightCycler 480 II RealTime PCR instrument (Roche). The following cycling conditions were used: 5 min at 95°C, followed by 40 cycles of denaturation (95°C, 10 s), annealing (assay-specific T a , 10 s), and extension (72°C, 15 s). The cycling was finalized by a standard melting curve analysis.
The efficiencies of the qPCR assays were estimated from standard calibration curves based on serial 5-fold dilutions of plasmid standards (0.00032 to 1 pg per reaction). The absolute quantification of the target sequences was performed based on the standard calibration curves using the LightCycler 480 software, version 1.5 (Roche). The resulting concentration is expressed as copy number ng Ϫ1 template DNA. Copy numbers were calculated for the amplified fragments using the equation copy number ng Ϫ1 DNA ϭ (6.022 ϫ 10 23 )/(L ϫ 10 9 ϫ 660), where L is the length in bp of the amplified fragment.
To ensure the specificity of the qPCR assays, cross-amplification tests were carried out with a wide range of templates (plasmid standards, medic DNA extracted from roots and leaves, fungal DNA extracted from spores, and DNA extracted from medic roots colonized by each fungal isolate).
Preparation of fungal material. Most of the analyzed fungal material originated from a greenhouse experiment with medic (Medicago sativa L. cv. Vlasta) in sterilized soil. It comprised three fungal treatments: (i) inoculated with the isolate PH5 (PH5 treatment), (ii) inoculated with the isolate CH (CH treatment), and (iii) inoculated with both isolates (MIX treatment). A noninoculated treatment (NM) was established as well. Each inoculated treatment comprised 30 replicates, the NM treatment 18 replicates. One-third of the replicate plants each were harvested after 6, 12, and 26 weeks (6 months).
The experiment was established as follows. Seedlings of medic were germinated in autoclaved sand and precultivated for 3 weeks in the same substrate as that used for the experiment to the stage of about three leaves. Pots (volume, 1 liter) were filled with a mixture of garden soil and sand (1:4) and sterilized by gamma irradiation (50 kGy), with the following main chemical parameters: pH (H 2 O), 7.7; Olsen-P (0.5 M NaHCO 3 extractable), 13.11 mg kg Ϫ1 ; N, 0.05%; organic C, 1.15%. The precultivated medic plantlets were transplanted into the pots (1 plant per pot) and inoculated at planting in the fungal treatments. To ensure the similar development of both isolates in the experiment, the mycorrhizal inoculation potential of the inocula was standardized. Substrates from three 6-month-old cultures of each isolate were homogenized and air dried. Five serial dilutions of the inocula with the ␥-irradiated experimental substrate (1:10 to 1:10 5 , vol/vol) were planted with medic in five replicates. When the roots of the plants had grown through the whole soil volume of 85 ml (after 5 weeks), the presence and absence of root colonization in the root systems was scored and used to calculate the number of infective propagules by the most-probable-number method (1) . Both inocula had the same inoculation potential (57 infective propagules ml Ϫ1 substrate). Inoculation thus was performed with air-dried homogenized substrate containing spores, extraradical mycelium, and chopped roots of the host plant that had been stored for about 2 months at room temperature. Each plant received 12 g of the inoculation substrate, which corresponded to about 600 infective propagules. The plants in the MIX treatment received 6 g of the inoculum of each isolate, i.e., the same amount of infective propagules in total as the plants in the PH5 and CH treatments, but only half of each isolate. The inoculum was applied directly below the plantlets. To equalize microbial conditions in the different inoculation treatments, all pots were irrigated with 10 ml of bacterial filtrate, which was obtained by passing a suspension from the two inocula through a filter paper (Whatman no. 1). The experiment was cultivated in a greenhouse with light supplement (12 h at 400 W; metal halide lamps).
At harvest, each root system was carefully washed from the substrate, weighed, and cut to 1-cm segments. A subsample of 200 mg fresh weight was immediately frozen in liquid N and stored at Ϫ80°C. Another part was used for the microscopic determination of root colonization after staining with 0.05% trypan blue in lactoglycerol (22) . The remaining roots and the shoots were dried at 80°C for 24 h.
Additional fungal material (spores and young root colonization) was prepared to confirm the ratios of mtLSU and nrLSU copy numbers on material from independent cultivation. Spores were collected from one 6-month-old culture of each isolate. Only apparently mature, healthy spores were included and cleaned from extraradical mycelia. Young root colonization was prepared by cultivating pregerminated medic plantlets for 3 weeks in the same conditions as those of the inoculation potential test (see above), with an inoculum level of 1:10 2 (vol/vol). Root colonization ranged from 15 to 50% after the 3 weeks of cultivation, as determined on six additionally established plants by trypan blue staining (22) and the grid-line intersect method (14) . Each material (spores and young root colonization) was collected in five replicates per isolate, and one replicate was represented by about 150 spores or the root system of one medic plant (120 to 200 mg fresh weight). The collected material was immediately frozen in liquid N and stored at Ϫ80°C.
Data collection. Shoot and root dry weights were determined for the experimental plants. Root colonization was evaluated by microscopy (ϫ100 magnification; Olympus BX60) according to Trouvelot et al. (46) . The following parameters were calculated using the program Mycocalc (http:/www.dijon.inra.fr/mychintec/Mycocalc-prg/download.html): F, frequency in the root system (percentage of root segments with fungal structures); M, intensity of colonization of the root system; A, arbuscule abundance in the root system; and V, vesicle abundance in the root system. No attempts were made to distinguish vesicles from intraradical spores, because this cannot be done with certainty in trypan blue stained roots, and vesicles can be assumed to contain amounts of nucleic acids similar to those of spores (12) .
Genomic DNA was extracted from the deep-frozen samples using a DNeasy plant minikit (Qiagen) according to the manufacturer's instructions. DNA extracts from root samples were quantified spectrophotometrically, and 10 ng of total genomic DNA was used as the template in qPCR. The DNA extracts from spores for which the DNA concentration was beyond the spectrophotometrical detection limit were diluted 1:10. qPCR was performed as described above. Calibration curves constructed from 5-fold dilutions of plasmid standard were included in each run. The amplification of each dilution of plasmid standard was performed in triplicate, whereas the experimental samples were analyzed in duplicate.
Five replicate root systems per treatment and harvest were analyzed from the experimental material. All target sequences were quantified in all root samples. In the additional material (samples of spores and young root colonization), quantification was performed only with the nrLSU assay and the universal mtLSU assay.
Data analysis and statistics. Generally, all data from the experiment were analyzed by two-way analysis of variance (ANOVA) with the factors harvest and inoculation treatment. Data obtained with the discriminating assays were analyzed by three-way ANOVA with the factors isolate, coexistence (presence of the other fungus), and harvest. Differences between means were tested by Tukey's test at P Ͻ 0.05. ANOVA and Tukey's test were also applied to compare the mtLSU-to-nrLSU ratio in spores and young root colonization.
The relationships between nrLSU and mtLSU copy numbers in the experimental material were determined by liner regression analysis.
When necessary, data sets were either logarithmically [y ϭ ln(x ϩ 1)] or square-root (y ϭ x 2 ) transformed prior to statistical analyses to meet the requirements of normal distribution and homogeneity of variance (as determined by Levene's test). If transformation was performed prior to the regression analysis, both quantitative variables were transformed in the same way.
Analyses were performed using the software SPSS 15.0. Nucleotide sequence accession numbers. Sequences determined in the course of this work were deposited in GenBank under accession numbers JF966360 to JF966370.
RESULTS

Relationship between CN of mtLSU and nrLSU.
Regression analyses revealed a significant linear relationship between nrLSU and mtLSU copy numbers (CN) (R 2 ϭ 0.460; F ϭ 34.9; P Ͻ 0.001) in the experimental root material. According to separate regression analyses of the three inoculation treatments, the regression slope was higher in the CH treatment than in the PH5 treatment and was intermediate in the MIX treatment (Fig. 1) .
The ratio of mtLSU to nrLSU copy numbers was significantly influenced by inoculation treatment (F ϭ 38.1; P Ͻ 0.001) and by harvest date (F ϭ 12.4; P Ͻ 0.001), while the interaction of the two factors remained nonsignificant (F ϭ 1.4; P Ͼ 0.05). Multiplecomparison test (Fig. 2a) revealed that the ratio was consistently higher in the CH treatment than in the PH treatment. Significant differences between harvests were obtained only for the CH treatment between 12 and 26 weeks of cultivation, while in the other two inoculation treatments, an increasing ratio of mtLSU to nrLSU copy numbers was a nonsignificant trend.
The higher ratio of mtLSU to nrLSU copy numbers in the CH isolate than in the PH5 isolate was confirmed in the analyzed spores and young root colonization (F ϭ 159.1; P Ͻ 0.001) (Fig.  2b) . The relationship also significantly differed between the two types of structures (F ϭ 70.9; P Ͻ 0.001), with a higher mtLSUto-nrLSU ratio in the roots than in the spores. The significant interaction of the factors structure and isolate (F ϭ 4.5; P Ͻ 0.05) resulted from more pronounced differences between the isolates in the roots than in the spores.
Plant growth and root colonization in the experiment. Plant shoot and root dry weights steadily increased during the three harvests and were not affected by inoculation (see Table S2 in the supplemental material).
All root colonization parameters significantly increased during the cultivation (Table 2 ). Only parameter V was significantly affected by inoculation treatment. According to multiple-comparison tests performed for each harvest separately, vesicles were significantly less abundant in the PH treatment than in the other two inoculation treatments after 26 weeks of cultivation, while the abundance of vesicles did not significantly differ among the inoculation treatments after 6 and 12 weeks of cultivation.
DNA dynamics as determined by the nuclear and mitochondrial marker. In the experimental material, both nrLSU and mtLSU copy numbers were significantly influenced by the interaction of inoculation treatment and harvest date (for nrLSU, F ϭ 6.1 and P Ͻ 0.01; for mtLSU, F ϭ 5.6 and P ϭ 0.001). mtLSU copy numbers also significantly differed among the inoculation treatments (F ϭ 4.3; P Ͻ 0.05) and harvests (F ϭ 5.8; P Ͻ 0.01).
The interaction of the two factors was a result of different temporal dynamics in the three inoculation treatments, which was described by the two markers consistently (Fig. 3a and b) . In the treatments with a single inoculum, there was a mostly nonsignificant trend of increasing gene copy numbers between 6 and 12 weeks in the PH5 treatment and between 12 and 26 weeks in the CH treatment. The latter trend was significant in the mtLSU data. In the MIX treatment, in contrast, the gene copy numbers decreased significantly between 6 and 12 weeks of cultivation.
Interestingly, both mtLSU and nrLSU CN per ng of template DNA were high in the additionally analyzed young root colonization, about 10 times higher in case of the mtLSU and 3 times higher in case of the nrLSU compared to findings from the first harvest of the experiment. In the CH treatment, the average values (Ϯ standard deviations [SD]) were 1,678 ϫ 10 3 CN of mtLSU (Ϯ1,048 ϫ 10 3 ) and 506 ϫ 10 3 CN of nrLSU (Ϯ358 ϫ 10 3 ); in the PH5 treatment, the average values were 476 ϫ 10 3 CN of mtLSU (Ϯ141 ϫ 10 3 ) and 458 ϫ 10 3 CN of nrLSU (Ϯ120 ϫ 10 3 ). As evident from the high SD, the determined copy numbers were highly variable, probably due to the variable root colonization of the analyzed root systems (see Materials and Methods).
Coexistence of the two isolates in dual inoculation. According to three-way ANOVA, mtLSU copy numbers (determined by the discriminating assays) were significantly affected by the factors isolate (F ϭ 43.8; P Ͻ 0.001), coexistence with the other isolate (F ϭ 42.0; P Ͻ 0.001), and harvest (F ϭ 5.2; P Ͻ 0.01). As expected from the ratios of mtLSU to nrLSU copy numbers in the two isolates, overall lower mtLSU levels were obtained for the PH5 isolate than for the CH isolate. mtLSU copy numbers also were lower overall in coexistence than in the single-inoculation treatments. The response to coexistence depended both on isolate (significant interaction of the factors isolate and coexistence; F ϭ 8.4; P Ͻ 0.01) and harvest (significant interaction of the factors coexistence and harvest; F ϭ 12.4; P Ͻ 0.001).
After 6 weeks, neither of the two isolates was influenced by coexistence with the other (Fig. 4) . After 12 and 26 weeks, mtLSU copy numbers of the PH5 isolate were significantly lower in mixed inoculation than when it was growing alone. In the CH isolate, mtLSU copy numbers tended to be lower in the mixed-inoculation treatment as well, but this difference was not significant due to the high variability in the data.
DISCUSSION
This study is, to our knowledge, the first one describing the quantification of AM fungi using mtDNA-based markers. We compared this approach to nrDNA-based quantification, which was previously explored in numerous studies (2, 10, 12, 43) . This comparison produced two outcomes: (i) the ratio of mtLSU copy numbers to nrLSU copy numbers differed between the two isolates, and (ii) the ratio of mtLSU to nrLSU copy numbers was (14) 41 (12) 26 (12) a Root colonization was evaluated according to Trouvelot et al. (46) after trypan blue staining. F, frequency of root colonization; M, intensity of root colonization; A, abundance of arbuscules; V, abundance of vesicles. Data are means from 9 to 10 replicates (SD are in parentheses). Letters refer to the harvests, with no differentiation between inoculation treatments (for differences among inoculation treatments in V, see rather constant across the root colonization of various ages from the experimental material. The difference in the mtLSU/nrLSU copy number ratio between the two isolates can be explained by two reasons. First, the two isolates may differ in copy numbers of nrDNA per nucleus or mtDNA per mitochondrion. Variability in nrDNA gene copy numbers has been described among isolates of G. intraradices (7) . The mitochondrial ribosomal genes seem to be present in one copy per mitochondrial genome only in G. intraradices (24) , but the isolates may differ in the numbers of mitochondrial genomes per mitochondrion, a factor which remains completely unexplored in filamentous fungi. Second, different densities of mitochondria relative to the density of nuclei may play a role. Further studies, including the staining of both organelles and confocal microscopy, should explore this factor in detail.
Gamper et al. (11) suggested that the quantification of AM fungal mitochondrial DNA may better reflect the fungal metabolic activity than the quantification of nrDNA. The high mtLSU/ nrLSU ratio of copy numbers encountered in the 3-week-old root colonization, compared to those of spores and older root colonizations from the experiment, are in line with this suggestion. Mitochondria were observed to proliferate in germinating AM fungal hyphae (4, 39) and in actively growing hyphal tips of filamentous fungi in general (25) . In the material from the experiment, however, mtLSU and nrLSU copy numbers were closely correlated, and their ratio was rather constant among the three harvests. The last sampling was scheduled 6 months after the establishment of the experiment to capture changes in the colonization structure (e.g., increase in the frequency of vesicles and intraradical spores) and a possible decline in the vitality of the AM fungus in roots indicated by enzymatic staining (34, 45) . The evaluation of the experimental material, however, does not indicate that mtDNA contents would provide any additional information to nrDNA contents on the vitality of intraradical structures in established root colonization. This result justifies the search for markers among protein-encoding genes related to certain metabolic processes, as suggested by Gamper et al. (11) .
As already outlined by Sanders (32) , nrDNA sequence heterogeneity within species and isolates was a problem for the design of AM fungal group-specific primers or primers aimed to discriminate closely related species. We had to combine two forward primers in the nrLSU to match all of the sequence types found within the isolates PH5 and CH. Whereas a bias created by the lower amplification efficiency of some sequence types due to mismatches at the priming sites is acceptable when presence/absence data are collected by conventional endpoint PCR (8, 47) or qPCR (21) , such mismatches bias quantitative results obtained by qPCR (40) . Considering the demands of qPCR on primer matching, the mtLSU is, due to its sequence homogeneity (30, 41) , clearly a superior region for the design of assays. The sequence variability of the region enabled us to design primers discriminating the two closely related isolates, which is generally not possible in nrLSU (8, 44) . The lack of haplotype specificity of the PH5 assay indicates that this approach does not allow the specific detection of all known haplotypes. Despite this fact, the application of mtLSUbased markers represents a promising approach, e.g., to the quantitative detection of field-inoculated isolates. The higher-resolution power of this region compared to that of nrDNA increases the chances of distinguishing an introduced isolate from the native background.
The high gene copy numbers at the first harvest and their subsequent decrease in the mixed-inoculation treatment are in accordance with the time course development of gene copy numbers described by Jansa et al. and Thonar (19, 43) . In their studies, some of the included Glomus species displayed a peak of nrLSU copy numbers in young root colonization (about 2 to 4 weeks after inoculation). In our experiment, the first harvest was performed 6 weeks after inoculation, and we speculate that in the separate inoculation treatments, the DNA peak occurred before the first harvest. This explanation is supported by the high copy numbers of both nrLSU and mtLSU determined in the 3-week-old roots from independent cultivation. Regardless of whether or not there was a DNA peak in the separate inoculation treatments before the sixth week of cultivation, we show that the coexistence of two isolates in one root system alters the dynamics of AM fungal DNA in the intraradical structures. Accepting the interpretation of the DNA peak as the rapid spread of active mycelium followed by a decrease in vitality (19, 43) , this developmental stage was influenced by the coexistence of the two genotypes. AM fungal species colonizing one root system have been shown previously to interact at both the developmental and physiological levels. Coexisting isolates may, in response to each other, redirect their spread in the root zone (3) or alter the expression of some genes (18) . Describing such an interaction in closely related isolates, which could not be distinguished by nrLSU-based assays, points to the fact that DNA dynamics of AM fungal isolates, such as those described by Thonar (43) , may also depend on the genetic structure of the fungal material.
The isolate-discriminating mtLSU-based markers enabled us to monitor the DNA dynamics of the two closely related isolates in one root system. A direct comparison of the mtLSU levels of the two isolates is biased by the overall lower mtLSU copy numbers in the PH5 isolate than in the CH isolate, the biological basis of which is unclear. The situation is analogous to variable absolute nrLSU copy numbers in different AM fungal species (3, 19, 43) , which may be the result of different nuclear densities and/or variation in nrDNA copy numbers per nucleus. Until these differences can be related to genetic or physiological traits, direct comparisons among species or isolates are meaningless. Despite this drawback, the genetic quantification contributes to the understanding of the interactions of AM fungi by describing their dynamics (19, 43) or responses to cultivation factors (3).
In our study, the PH5 isolate reacted to coexistence with the CH isolate by decreasing DNA levels. The interaction of the two isolates thus was competitive, according to previously described interactions in the genus Glomus (27, 43) . The depression was established between the 6th and 12th week of cultivation, which suggested that the higher aggressiveness of the CH isolate (according to reference 49) was not the result of its higher initial infectivity. Both isolates colonized roots at a similar rate, as evident from both the microscopic and DNA-based quantification in the separate inoculation treatments. This finding makes the faster occupation of root space by the CH isolate rather improbable. We speculate that the PH5 isolate reacted to coexistence by decreasing the vitality of its intraradical structures, which became evident as a decrease in the levels of mtDNA and, presumably, nrDNA.
In conclusion, our study demonstrated, for the first time, the application of mtDNA-based qPCR assays in the quantification of AM fungi in roots. It provided similar results for their time course development as an nrDNA-based marker. The advantage of mtLSU for the quantification of AM fungi consists mainly in its higher discriminative power to lower taxonomic levels, as demonstrated by the design of assays discriminating two closely related isolates within the G. intraradices sensu lato group. Using these assays, we showed that the DNA dynamics of AM fungi was affected by the coexistence of genotypes which could not be discriminated by nrDNA-based assays. These two closely related genotypes interacted in a competitive manner. Our results thus encourage the application of mtLSU-based assays for the investigation of the coexistence of AM fungal genotypes.
